arXiv:1502.01936v2 [hep-ph] 26 May 2015 


Analysis of the semileptonic B c —y D\ transition in 
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Abstract 

We investigate the structure of the Dj (2420[2430])( J p = 1 + ) mesons via analyzing the semilep¬ 
tonic B c —>• D^lv transition in the frame work of the three-point QCD sum rules and the heavy 
quark effective theory. We consider the D® meson in three ways; the pure \cu) state, a mixture 
of two | 3 -Pi) and ^-Pi) states with a mixing angle 9 and a combination of two mentioned states 
with mixing angle 9 = 35.3° in the heavy quark limit. Taking into account the gluon condensate 
contributions, the relevant form factors are obtained for the three above conditions. These form 
factors are numerically calculated for \cu) and the heavy quark limit cases. The obtained results 
for the form factors are used to evaluate the decay rates and the branching ratios. Also for mixed 
states, all of the mentioned physical quantities are plotted with respect to the unknown mixing 
angle 9. 
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I. INTRODUCTION 


There is some difference between the measured and predicted masses of the even-parity 


charmed mesons ( J p = 1 + 
phenomenological models 
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Dserved in the laboratories jl -[5] and considered in many 
So much efforts have been dedicated to realize this un¬ 


expected disparity between theory and experiment 


12 


17]. Therefore the study of the 


processes involving these mesons is important for understanding of the structure and quark 
content of them. Some physicists presumed that these discovered states are conventional cu 


and cs mesons 


18 


26]. Among these mesons, we focus on the non-strange D\ meson. Sofar 


the two confirmed P? states, with mass of 2423.4 ± 3.2 MeV and 2427 ± 26 ± 25 MeV, 
have been observed |5|. The narrow-width state with lower mass is known as P?(2420) 

n 

and the wide-width state with more mass is identified as P?(2430) [27]. Theoretically, the 


discovered states do not fit easily into the cu spectroscopy 21]. One of the proposals, could 


be the introduction of the Pj meson as a mixture of two | ’Pi) and | 3 Pi) states with the cu 


quark content 18-2l|, |28j, 29]. In this work, we plan to analyze P 3 meson as conventional 
meson with pure | cu) state and also as a combination of I 1 Pi) and | 3 Pi) states. 

Heavy-light mesons are not charge conjugation eigenstates and so mixing can occur 
among states with the same J p and different mass that are forbidden for neutral states 
21]. So the mixing of the physical D\ and D[ states can be parameterized in terms of a 
mixing angle 9 , as follow: 


1 Di) 


. ™ . 



cosO sinO 
—sinO cosO 


x 


l 1 Pi) 

1 3 Pi> 


( 1 ) 


where we used the spectroscopic notation 2 S+ 1 Lj for introduction of the mixing states. 
Considering | 3 Pi) = |Pil) and ^Pi) = |Pi2) with different masses and decay constants 
21, 2f|, we can apply these relations, beyond the heavy quark model, for axial vectors 
Pi (2420) and Pi (2430) mesons with two different masses, i.e., 


|Pi(2420)) = sinO |Pil) + cosO |Pi2), 

|Pi(2430)) = cosO |Pil) -sinO |Pi2). (2) 

The masses and decay constant of the Pp and D{2 states are presented in Tables HI and ITT1 
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Ref 

[18] m [30] 

P>il( 3 Pi) 2.49 2.42 2.47 


2.44 2.49 2.46 


TABLE I: Masses of Dil( 3 Pi) and D\2(}P{) states in GeV. 


Ref 

[28] 

Pil( 3 Pi) 

183 

D 1 2( 1 P 1 ) 

89 


TABLE II: Decay constant of Dil( 3 Pi) and Di2( 1 Pi) states in MeV. 


In the heavy quark limit where the quark mass m c —>■ oo, both axial vector D ( j ) (2420) 
and P5 ) (2430) mesons can be produced and identified with \P'\ 2 ) and |P-j^ 2 ), respectively. 
It is useful to change from the L — S basis 25+1 Lj to the j — j coupling basis Lj, where j 
is the total angular momentum of the light quark. The relationship between these states 


are given as 


21 
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^fa 

III 

CO 
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(3) 


These relations occur for the mixing angle 6 = 35.3° in Eq. ([I]). But note that the 
value of the mixing angle can be positive equal to 6 — 35.3° or negative corresponding 
9 = —54.7° if the expectation of the heavy-quark spin-orbit interaction is positive or 
negative, respectively 21], 

The B c —> D*°lv 31( and B c —> Dll/vv 32] have been studied via three-point QCD sum 
rules (3PSR). In this work, we analyze the semileptonic B c —> D® (2420[2430 ])lu decays in 
3PSR and heavy quark effective theory (HQET). For this aim, we consider the structure of 
the D\l meson in three conditions: 

1- The D® meson as a pure state (|ch)). 

2- The D\ meson as a mixture of two states of the ^Pi) and | 3 Pi) with a mixing angle 
6 (see Eq. (J2])). 

3- The D ° meson as a combination of two 1 ) and | 3 Pi) states with the mixing angle 
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6 = 35.3° in the heavy quark limit (see Eq. ((3j)). 

Taking into account the gluon condensate corrections, as the important term of the non- 
perturbative part of the correlation function, the form factors of the B c —>- D® transition are 
obtained within 3PSR for the condition 1, 2 and within HQET approach for the condition 
3. For the condition 1 and 3, the form factors of the B c —>■ D\ (2420[2430]) transitions 
are a function of the transferred momentum square q 2 . So, we plot these form factors and 
decay widthes of these decays with respect to q 2 . Also the branching ratios for these cases 
are evaluated. But, it should be remarked, when we consider the D° x as a mixture of two 
states with mixing angle 6 in the region —180 < 6 < 180, the transition form factors of the 
B c —> (2420 [2430]) decays are a function of two variables 6 and q 2 . Since the decay width 
of the B c —> D± transition is related to the form factors, then it is a function of mixing 
angle 9 and q 2 , too. for a better analysis, we plot the form factors and the decay widths of 
the B c —> D ®(2420 [2430]) in three dimensions. In this case, the branching ratios are shown 
with respect to the mixing angle 6. Detection of these channels and their comparison with 
the phenomenological models like QCD sum rules could give useful information about the 
structure of the D® meson and the unknown mixing angle 6. 

This paper is organized as follow. In Section II, we calculate the form factors for the 
B c —> Di transition in 3PSR for above condition 1 and 2. In Section III, the transition form 
factors are evaluated via HQET approach for condition 3. Finally, Section IV is devoted to 
the numeric results and discussions. 


II. SUM RULES METHOD 


In this section, we study the transition form factors of the semileptonic B c —> D^lv 
decay by QCD sum rules mechanism. For this aim, Erst, we consider the D® meson as a 
pure state. The B c —>■ D®lv process is governed by the tree level b —>■ ulu transition and c 
quark is the spectator, at quark level (see Fig. 1). The three-point correlation function is 
considered for the evaluation of the transition form factors in the framework of the 3PSR. 
The three-point correlation function is constructed from the vacuum expectation value of 
time ordered product of three currents as follow: 


n m „(pVW) = i 2 I d 4 xd 4 y e +ip ' x ~ ipy (o 


t{VwV(ou 


bJ 


(4) 
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FIG. 1: The bare loop diagram for B c —>• Dilv transition. 


where Ju 1 (x) = c'y^u and J Bc (y ) = 07.56 are the interpolating currents of the D ° and _B C 
mesons. — 75 )b is the current of the weak transition. 

We can obtain the correlation function of Eq. (0j) in two sides. The phenomenological 
or physical part is calculated saturating the correlation by a tower of hadrons with the 
same quantum numbers as interpolating currents. The QCD or theoretical part, on the 
other side is obtained in terms of the quarks and gluons interacting in the QCD vacuum. 
To derive the phenomenological part of the correlation given in Eq. (J4]) , two complete 
sets of intermediate states with the same quantum numbers as the currents J D 0 and J Bc 
are inserted. This procedure leads to the following representations of the above-mentioned 
correlation: 


iWpW) 


(0 1 J? | Dl(j/,e)){Dl(p',e) \ J™ \ B c (p))(B c (p ) | J B | 0) 

C p ' 2 - m 2 D o)(p 2 - m% c ) 

higher resonances and continuum states . (5) 


The general expression for the hadronic matrix element of the weak current with definition 
of the transition form factors is given by the formula: 


(Di(p',£) I m7m( 1 - 7s )b | B c (p)) = / y (f) 7 ra ^*y/ - i f 0 (q 2 )e 


J2 \ 


+fi(q Wp) p h + / 2 (? )( £ *ph 


where: 


fv(Q 2 ) = 

f[(Q 2 ) = 


2fv(q 2 


(m Bc +m D 0 ) ’ 

A(g 2 ) 

(m Bc +m D 0 ) ’ 


fo(q ) = fo(q )(m Bc +m D 0 ), 

f/ /'„2^ _ / 2 (<? 2 ) 

(m Bc +m D o)’ 


m 2 ) = 


( 6 ) 


(7) 
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and the fv(q 2 ), fo(q 2 ), fi(q 2 ) and f 2 (q 2 ) are the transition form factors, P M = (p + p') M , 
= (p — p')n and e is the four-polarization vector of the D ° meson. Also the following 
matrix elements are defined in the standard way in terms of the lcptonic decay constants 
of the D ° and B c mesons as: 

(0 I r D o I D?(p',e)> = f D om D o£ l/ , (0 I J Bc I B c (p)) = i , (8) 

1 11 rrib + m c 

where f D o and f Bc are the leptonic decay constants of D® and B c mesons, respectively. 
Using Eq. © and Eq. (jHJ) in Eq. (j5]) and performing summation over the polarization of 
the D\ meson, we get the following result for the physical part: 


iV( pVW) = 


fB c m 


B c 


fD° m D° 


X 


(m b + m c ) ( p' 2 - m 2 D o)(p 2 - m% c ) 
f[(q 2 )P^p u + f' 2 (q 2 )q»p v + excited states. 


+ fi(q 2 )gi» 


( 9 ) 


The coefficients of Lorentz structures ie^vapP 01 ^, P/w , P^Pu and q^p v in the correlation 
function 11^ will be chosen in determination of the form factors fv(q 2 ), fo(q 2 ), /i(<? 2 ) and 
/ 2 (g 2 ), respectively. So the Lorentz structures in the correlation function can be written 
down as: 


lWp 2 ,p /2 , q 2 ) = i B V £ llva ppPp d + U 0 g lw + B^P^ + II 2 q^ v , (10) 

where, each Lb function is defined in terms of the perturbative and non-perturbative parts 
as: 


iw.p' 2 , ? 2 ) = nfV.p' 2 , q 2 ) + nr pe V,p' 2 , . 


( 11 ) 


With the help of the operator product expansion (OPE), in the deep Euclidean region 
where p 2 -C (m b + m c ) 2 and p' 2 <C rri 2 , the vacuum expectation value of the expansion of 
the correlation function in terms of the local operators, is written as follow jsi, 33]: 


IWpW) = (CoW + (C 3 )^(qq) + (C 4 )^(G 2 ) + (C^qa^G^q) 

+ (C 6 )^(qTqqrq) , ( 12 ) 

where (C *) IU , are the Wilson coefficients, G a p is the gluon held strength tensor, T and T’ are 
the matrices appearing in the calculations. The non-perturbative part contains the quark 
and gluon condensate diagrams. We consider the condensate terms of dimension 3,4 and 5. 
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It’s found that the heavy quark condensate contributions are suppressed by inverse of the 
heavy quark mass and can be safely omitted. The light u quark condensate contribution is 
zero after applying the double Borel transformation with respect to the both variables p 2 
and p /2 , because only one variable appears in the denominator. Therefore in this case, we 
consider the two gluon condensate diagrams with mass dimension 4 as a important term of 
the non-perturbative corrections, only i.e., 


n i(p 2 ,p' 2 ,q 2 ) = U p i er (p 2 ,p' 2 ,q 2 ) + Uf 2 \p 2 ,p' 2 ,q 2 )(—G 2 ) . 

7r 


(13) 


The diagrams for contribution of the gluon condensates are depicted in Fig. [21 To obtain 










FIG. 2: Contribution of two gluon condensates for B c —» D\ transition. 


the contributions of these diagrams ,the Fock-Schwinger fixed-point gauge, x^A a = 0, are 


used; where is the gluon held. T 


Fig. [2] has been discussed in Ref. 3l| . completely. 


le procedure of the evaluation of such as diagrams in 


Using the double dispersion representation, the bare-loop contribution is determined: 

l r r P r(s,s\q 2 ) 


nr = 


(2tt) 


(s — p 2 )(s' — p' 2 ) 


dsds' + subtraction terms 


(14) 
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By replacing the propagators with the Dirac-delta functions (Cutkosky rules): 


—» —2iit8(k~ — m 2 ) 


k 2 — m 2 

the spectral densities pf er (s, s', q 2 ) are found as: 

N c ( (2s'A — A 'u)(in b — m c ) ( 2 s'A — A'u)(m u + m c ) 


( 15 ) 


per 

Pv = 


pPer _ 


A 1 / 2 (s, s', q 2 ) 

-N c 

2A x / 2 (s, s', q 2 ) 

2(4ss'm 2 — sA ' 2 — s'A 2 — u 2 ml + uAA')(mb — ?n c ) 


m r . 


A(s, s', g 2 ) A(s, s', g 2 ) 

|A(m c + m u ) — A'(mb — m c ) + 2 m 2 c (mb — m c — m u ) 

- A 2 — r ii‘ 2 rn 2 -A- n AA'\(m, — m i ) 

+ m c (2m b m u - u) > , 


A(s, s', g 2 ) 


per 

Pi 


pP er 


N c j 

\ ( 2 s'A - 

- A'u) (mb — 3 m c ) 

(2s A' — A u)(m c + m n ) 

2A x / 2 (s, s', q 2 ) ] 

l 

A(s, s', q 2 ) 

A(s, s', g 2 ) 

2(8ss' 2 m 2 — 2ss'A ' 2 - 

- 6 s ' 2 A 2 — 2 u 2 s'm 2 c 

+ 6 s'wAA' — u 2 A' 2 )(mb — m c ) 



A 2 (s, s', q 2 ) 


2(4ss'u?n 2 + 

4ss'AA' 

— 3suA' 2 — 3mA 2 s' 

— u 3 m 2 + 2u 2 AA')(m b — m c ) 

1 


A 2 (s, s', q 2 ) 


N c 1 

f (2sA' - 

- Au)(m c + m u ) 

( 2 s'A — A'u)(m b + m c ) 

2\ 1 / 2 (s,s’,q 2 ) | 

( A(s, s', q 2 ) 

A (s,s',g 2 ) 

2(8ss' 2 m 2 — 2 ss'A ' 2 - 

- 6 s ' 2 A 2 — 2 u 2 s'm 2 c 

+ Qs'uAA' — u 2 A' 2 )(m b — m c ) 



A 2 (s, s', g 2 ) 

2[4ss'um 2 + 4ss'AA' 

— 3suA' 2 — 3uA 2 s' 

— u 3r ml + 2 u 2 AA'](mf, — m c ) 

A 2 (s, s', q 2 ) 


m r 


+ m c 


(16) 


where A(a, 6, c) = a 2 + & 2 + c 2 — 2ac — 2&c — 2ab. The N c = 3 is the color factor, u = s + s' — q 2 , 
A = s + ml — ml and A' = s' + m 2 — m 2 . 

For the heavy quarkonium be, where the relative velocity of quark movement is small, 
an essential role is taken by the Coulomb-like ay/u-corrections 34] - It leads to the finite 
renormalization for pf er , so that: 

p- = c P r, (ir) 


with 


2 _ 4 t ra c s 

3v 


1 — exp 


47TQ:^\ ’ 


( 18 ) 


3v 






















where a c s is the coupling constant of effective coulomb interactions. Also v is the relative 
velocity of quarks in the fee-system, 


v = \ 1 


4 m b m c 


p 2 — (m b — m c ) 2 


(19) 


The value of a c s for B c meson is 34]: 


a c s [bc] = 0.45 


( 20 ) 


By performing the double Borel transformations over the variables p 2 and p' 2 on the 
physical parts of the correlation functions and bare-loop diagrams and also equating two 
representations of the correlation functions, the sum rules for the f-(q 2 ) are obtained: 


f'M 2 ) = 


(m b + m c ) 
fB c m 2 B J D om D o 


4 Be 


n D 1 


e M i e m 2 


x 


47T 2 


ds' 


rs o 


' SL 


Pii s i s', g 2 )e 


iM(M, 



4 i ( 21 ) 


where i = V, 0,1 and 2, s 0 and s' 0 are the continuum thresholds in pseudoscalar B c and 

axial vector D® channels, respectively, and lower bound integration limit of sl is as follow: 

(■ m 2 + q 2 — ml — s') (mis' — m 2 c q 2 ) 

SL (ml — q 2 )(m 2 c — s') 

The explicit expressions for Cf are presented in Appendix-A. 

Now, we would like to consider the form factors related to the B c —> D® transition 

when the D® meson is a mixture of two | 1 ) and | 3 Pi) states. For this aim, first the 

fi Bc ^\q 2 ) are obtained from the above equations replacing the f D o by decay constant 

fDi 1 ( 2 ); and rn D o with m Dl i (2) , i.e., 


I 


'B c — >Dil( 2 )/ 2 \ _ 


(q 2 ) = 


(m b + m c 


fB c m 2 B J Dil( 2 p«Dil( 2 ) 


? 


n El 1(2) 

M 2 < - 


47T 2 


rs o _£. ~ s 

ds' pl(s, s', q 2 )e M i e M z 


’s L 


- iM'fM'z A 


( 22 ) 


where f Bl i = (183 ± 25)MeV, and f Dl2 = (89 ± 7 )MeV 28]- Then using the straight 
forward calculations, the /( 2420 ^(g 2 ) form factors of B c —> D®( 2420) transition are found as 
follows: 

fr% 2 ) = ( mB ° + mD A ’■) sine + ( ”“>• + f^o,2( 2) cos9 

V ™ Bc + m D o ) \ m Bc + m D o ) 
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/T”V) = I ; "■ I sine + ( mft + m ° ? ) f^ D '\q 2 ) cose , 


C(2430) ^2^ _ f + m £>° \ f B 0 ^Dil^2> 

m Bc + m Dl i 


m Bc + m 0l 2 y 


(23) 


where i' = V, 1,2. Note that, the // 2430) (g 2 ) form factors of the R c —» H) ) (2430) decay are 
obtained from the above equations by replacing the sin# —>■ cosd and cosd —>■ —sin6. 

III. HEAVY QUARK EFFECTIVE THEORY 


In this section, we apply the heavy quark effective theory (HQET) to analyze the form 
factors of B c —y D®lu calculated by 3PSR. As it was mentioned in the introduction, in 
the heavy quark mass limit, when m c — y oo, the D® meson can be considered as Eq. 
©■ Therefore, to estimate the form factors in this approach, first, we present the 
dependence of the ^ — 1,2) on y where 

V = „v>= (24) 

2 m Bc m Dlk 

Here, u and v' are the four velocities of B c and Dik mesons, respectively (for some details 


see Refs. 


35 


36]). After some complicated calculations, the y-dependent expressions of 


the f^^ Ba ^ Dlk \y) are obtained as follows: 




HQ(B C ^D ife) 
V 


(y) = 


1 A A 

-e T i e T 2 


fB c f Dl k l (1 + v/Z)Z2^±±Z 

-3 + 3(3 y + 1 )\[Z -6 (y 2 + y)Z 


—l r u ° , r° , ’ — ' 9 

x-—— / du due 2T ie 2T 2 0(2yuu —u 2 — u' 2 ) 

(2vr) 2 Jo Jo V y ; 


- 2Z * TlT2 (“ 

3(1 + VZ) \ vr 




S G 2 ) ] x lim Cy QET j , 


mj,-> oo 


(25) 


/< 


HQ{B c ^D x k) 

0 


( 2 /) = 


1 A A 

-e T i e T 2 


f B J Dl k { 2(1 + yfzyzl 

x [-3 - 3(4 y -l)\fz- 6(3 y 2 -2y- 1 )Z + 12 (y 3 + y 2 - y)Z * 
/ 

— 1 f u ° r U 0 / / n n 

x--- / cfo / cfo e 2T ie 2T 2 0(2yuu — u 2 — v' 2 ) 

(2ir) 2 Jo Jo V ' 

l 


2 Zt 


3(1 Tv^) 3 ^ \* 


s ri 2 


G" 


x Inn G«f, 

oo 


(26) 
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HQ(B C ^D ifc) 


(y) = 


1 A A 

-e T i e T 2 • 


f bJd ii 


4 (i + Vz)(^)Sz¥ 


x [-9 + 9(5?/ + 1)+Z - 3(26// 2 + 15// - 2)Z 
+6(9// 3 + ll// 2 - 3// + l)zi - 12(// 4 + 2// 3 - // 2 + //)Z 2 
—1 r v o 


^0 , /_ 


X 


(27r) 2 A 


dz/ / dz/e 2T i e 2T ^9(2yuu — u 2 — u' 2 ) 

'o 


—' T,T, /—G 2 \ J x lim C EQET ) , 

3(1 + \/Z) \ ir / j / 


(27) 


pHQ(B c — >Dik) 

J 2 


(y) = 


1 A A 


./Bc/Oi 


-e e J 2 


.4(l + +Z)(^±^)iZx 


-9 + 9(3// + 1)\/Z - 9(2// 2 + 3y - 2)Z 
-6(// 3 - y 2 + 5y + 1)Z* + 12(// 4 + 2// 3 - y 2 + //)Z 2 


x 


-1 
( 2 vr ) 2 Jo 


r u o 


du / due 2T ie 2 T 2 9{2yuu — u 2 — u' 2 ) 
I o 


- 2Z ' T{T 2 /^G 2 \) x lim C? QET \ . 

3(1 + \fZ) \ 7T / I J 


(28) 


In these heavy quark limit expressions A = m Bc — m b , A = m Bl k — m c , \/~Z = y + \/// 2 — 1, 
f Bc = +z?A/b c , fD\k = \fnicfDxk- The continuum thresholds zy 0 , z/q and integration variables 
z/, z/ are dehned as: 

m ,2 „/ 

(29) 

(30) 


z/ 0 = 


5q ~ mg 
m b 


,./ _ s o-^c 
+) — ; 
m r 


s — mi 


u = 


/ 2 
, s — m; 
z/ =- 


rn b m c 

Also we apply Ti = Mf/2m b , T- 2 = M 2 /2m c and m c = m b /\fZ. 

The explicit expressions of the coefficients C E ® ET are given in Appendix-B. In the 
expressions of the C EQET , Io(a,b,c), A( 2 )(ffi b, c), Ij(a,b,c ); j = 3,4,5 and Ie(a,b,c) are 
dehned as: 

(_l)a+6+c 


I 0 (a,b, c)~- 


\ 2—a—c 


i67T 2 r(a)r(5)r(c) v v^ 

4 


(2 m b ) 


4—2 a—b—c rp2—a—b rp2—a—c 


A 


U EQET {a + b + c — 4,1 — c — b) , 


h( 2 ){a,b, c)—i 


(- 1 ) 


a+fe+c+1 


l 


\4—a—e—1(2) 


i67T 2 r(a)r(6)r(c) v v^ y 


(2m 6 ) 


5—2a—6—c rpl—a—6+1(2) /j-,4—a—c—1(2) 


A 
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U EQET (a + b + c — 5,1 — c — b) , 


Ij(a, b, c)—i 


( _I - ] a+b+c i 

16 vr 2 r(a)r( 6 )r(c) ( 7 I^ 

UqQ ET ( a + b + c — 6,1 — c — b) , 


6—2 a—b—c 


rji—a—b—l+j 


T \7—a—c—j 
2 


h(a, b, c)—i 


- 1 ) 


a+fe+c+1 


327t 2 r(a)r(6)r(c ) y ^fz 

U EQET (a + b + c — 6, 2 


l 3 - a - c ( 2 m 6 ) 6 - 2a - fe - c Tl~ a ~ b 

— c — 6) . 


rpS—a—C 
1 2 


(31) 


The function U E ® ET (m,n) takes the following form 

poo r p T 7~> 

W 0 HQi?T (m, n) = / (2m 6 ) m (—- + T\ + -L) m x"[-- - B 0 - B lX \dx, (32) 

jo 2 m& yJZ £ 

with 


5-i 

5 0 

5, 


VZ r mfe 2 1 m m . 9 9 ., 

^^Kr 1 + A w + m3] , 


ix/ZTXt 


(33) 


Then by considering D® meson as a combination of two states | Dik), ( k = 1,2) the 
fHQ( 2420)^) an( ] f EQ( - 2ll30 \y) form factors for the B c —> D°(2420)/z/ and B c —> H) ) (2430)/z/ 
decays are obtained as: 






l Z rHQ{B c -^D 1 l) / x /J- pHQ{B c -^D 1 2) 

3 •'*' ^ V 3 


( 9 ), 


(34) 


where i — V, 0,1, 2. 


IV. NUMERICAL ANALYSIS 

Now, we present our numerical analysis of the form factors fi(q 2 ) , (i = V, 0,1,2) via 
3PSR and HQET. From the sum rules expressions of the form factors, it is clear that the 
main input parameters entering the expressions are gluon condensates, element of the CKM 
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TABLE III: Input values in numerical calculations. 


{ ^ G 2) 

0.044 ±0.007 GeV 4 [ 37] 

1 V ub 1 

(3.8 ±0.5) x 10 _3 [38] 

/n>i 

220 ± 12 MeV [39] 

fB c 

395 ± 15 MeV [40] 


matrix V ubl leptonic decay constants fs c , f D o, fo 1 1 and fnei, Borel parameters Mf and M| 
as well as the continuum thresholds So and s' 0 . The sum rules for the form factors contain 
also four auxiliary parameters: Borel mass squares Mf and M| and continuum thresholds 
s o and s' Q . These are not physical quantities, so the the form factors as physical quantities 
should be independent of them. The parameters So an d Sq, which are the continuum 
thresholds of B c and D® mesons, respectively, are determined from the condition that 
guarantees the sum rules to practically be stable in the allowed regions for Mf and M|. 
The values of the continuum thresholds calculated from the two-point QCD sum rules 
are taken to be s 0 = (45 — 50) GeV 2 40] and s' 0 = (6 — 8) GeV 2 41], We search for 
the intervals of the Borel mass parameters so that our results are almost insensitive to 
their variations. One more condition for the intervals of these parameters is the fact that 
the aforementioned intervals must suppress the higher states, continuum and contributions 
of the highest-order operators. In other words, the sum rules for the form factors must 
converge (for more details, see 42]). As a result, we get 10 GeV 2 < M 2 < 25 GeV 2 and 
7 GeV 2 < M| < 13 GeV 2 . To show how the form factors depend on the Borel mass 
parameters, for example, we depict the variations of the form factors for B c —>■ D\ j ) (2420) 
at q 2 = 0 with respect to the variations of the Mf and Mf parameters in their working 
regions in Fig. [3] From these figures, it revealed that the form factors weakly depend on 
these parameters in their working regions. 

For analysis the form factors of the semileptonic B c —> D\ (2420[2430] )lu decays, first, we 
consider the D® meson as a pure state, i.e., \cu) and analyze the form factors and the value 
of the branching ratios of the B c —> D® (2420[2430]) transitions in 3PSR. Then the form 
factors, decay widths and branching ratios of these decays are plotted when D® meson is a 
combination of two states with mixing angle 6. Finally, considering the D\ meson as Eq. 
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FIG. 3: The dependence of the transition form factors on the Borel parameters for the B c —» 
2420) transition. 

(J3]), we investigate and estimate this mentioned physical quantities via HQET approach in 
mbimc) —> oo limit. Therefore, there are three conditions for the study of the form factors 
of the B c —> D® (2420[2430 ])lv decays, related to the structure of the D\ meson as following: 


• Pure state or \cu) state 

If the D® meson is the pure \cu) state, using Eqs. ([7]) and (j2B . the values of the form 
factors at q 2 = 0 are presented in Table IIV1 In this case, the values of the transition form 


TABLE IV: The value of the form factors of the conventional B c D®( 2420, 2430) transitions at 

q 2 = 0, Mf = 15 GeV 2 and M 2 = 8 GeV 2 . 


Form Factor 
„B C ^D° (2420,2430) 

Jv 

2420,2430) 

JO 

j,B c ^D® (2420,2430) .... 

Jl (.uj 

f B c ^D\{ 2420,2430) 

J 2 (.UJ 



Value 

-0.51 ±0.12 
0.23 ±0.07 
0.33 ±0.09 
-0.55 ±0.14 


factors at q 2 = 0 for B c —>■ D° l {2A2{))lv decay are the same as those for B c —>■ D±(2430)lu. 
Our calculations show, the other physical quantities of these decays are the same, nearly. 

The sum rules for the form factors are truncated at about 9 GeV 2 , so to extend our results 
to the full physical region, we look for a parametrization of the form factors in such a way 
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that in the region 0 < q 2 < (rriB c — rn D o) 2 GeV 2 , this parametrization coincides with the 
sum rules predictions. Our numerical calculations show that the sufficient parametrization 
of the form factors with respect to q 2 is as follows 43]: 


Mq 2 ) 


(1 


a 





(35) 


The values of the parameters a, b and mf it are given in Table FVT Fig. Q]depict the fit function 
of the form factors fi 242 °' 243 °\q 2 ), (i=V, 0, 1, 2) of the B c —> Zi>°(2420, 2430)Zzv decays with 
respect to the transferred momentum square q 2 . This figure also contains the form factors 
obtained via 3PSR (see Eq. (l 2 T| h The form factors and their fit functions coincide well in 
the interval 0 < q 2 < 9 GeV 2 . 


TABLE V: Parameters appearing in the fit function for the form factors of the B c —>• 
D x (2420, 2430) at M 2 = 15 GeV 2 and Mf = 8 GeV 2 . 


Form Factor 

a 

b 

mfu 

f B c ^D° (2420,2430) , 2 . 

Jv \1 > 

-0.34 

-0.17 

4.94 

f B c ^D° (2420,2430) , 2 \ 

Jo \1 > 

0.19 

0.04 

6.88 

j,B c ^D°( 2420,2430) 

0.24 

0.09 

5.91 

j,B c ^D°( 2420,2430) ^ 2 ^ 

-0.35 

-0.20 

4.82 


By using the expressions for the form factors, the differential decay width dr/ dq 2 for the 
process B c — y D®lv in terms of Hi is presented as follow: 


dr±{B c ^Dllv) _ G 2 \V ub \ 2 2 


dq 2 


1927r 3 mp 


q 2 X 1/2 (m 2 Bc ,m 2 D o : q 2 ) \H d 


dT 0 (B c — * D°lu) _ G 2 \V u b\ 2x1/2/ 2 2 2\ itt |2 

^2 ~ 9 A {m Bc ,m D o,q ) \H 0 \ 


1927 T 3 7Tl Bc 


dq 2 

H± and H 0 are dehned as: 


dT tot (B c ^ D^v) _ dT ± {B c —> Dllu)_ dT 0 (B c -4 D°lv) 


dq 2 


dq 2 


A 1//2 (m™ , mL, q 2 ) 

H±{q 2 ) = (m Bc +m D o)f 0 (q 2 )T -y- 1 - fv(q 2 ) , 

m B c + m D ( l 


(36) 
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1 


Ho(q 2 ) 


2m D oV¥ 


(rn 2 Bc ~ m 2 D o - q 2 )(m Bc + m D o)f 0 (q 2 ) 


K™ 2 B c ,™ 2 D °,q 2 ) 

m Bc +m D o 


/i(<? 2 ) 


J 


where ±, 0 refer to the D 3 helicities. Note that in the limit of vanishing lepton mass (in 
onr case electron and muon) the /^(g 2 ) form factor does not contribute to the decay width 
formula. 

To calculate the branching ratios of the B c —» T> 1 (2420, 2430)Zz/ decays, we integrate 
Eq. (l36l) over q 2 in the whole physical region and use the total mean life time t Bc = 
(0.46±0.07) ps. Our numerical analysis shows that the contribution of the non-perturbative 
part (the gluon condensate diagrams ) is about 13% of the total and the main contribution 
comes from the perturbative part of the form factors. The value for the branching ratio of 
these decays is obtained as presented in Table EO The function of decay width of B c —> 
D\ ((2420, 2430 )lu decays with respect to q 2 is shown in Fig. [5j 


TABLE VI: The branching ratio value of the semileptonic B c —>• D) ) (2420, 2430)Zu decays. 


MOD 

BR 

B c D l i ) (2420,2430)/n 

(0.71 ±0.18) x 10" 4 


• Mixture of | 3 Pi) and | 4 Pi) states 

Now, we would like to analyze the form factors of the B c —> D 3 transition when we 
consider the D® meson as a mixture of two | 3 Pi) and | 1 Pi) states with mixing angle 6 (see 
Eq. (1231) 1. The transition form factors of the B c — > P°(2420[2430] )lu at q 2 = 0 in the 
interval —180° < 6 < 180° are shown in Figs. [6J 0 The dependence of the form factors 
of the B c —> Di( 2420) and B c —>■ P°(2430) decays on mixing angle 6 and the transferred 
momentum square q 2 are plotted in Figs. [SI [S] in the regions 0 < q 2 < (m Bc — m D o) 2 GeV 2 
and 6 = ±Ntt/6, N = 1, 2, 3. Using Eq. (1361) . we denote the variation of the decay widths 
with respect to q 2 and 6 in the same regions for each decay in Fig. [10J Also the branching 
ratios only in terms of mixing angle 6 are shown in Fig. [lTJ 
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• Compound state in the heavy quark limit 

Eventually, we study the structure of the D ° meson as a mixture of two | 3 -Pi) and 
\ ] Pi) states with the mixing angle 6 = 35.3° in the heavy quark limit. The HQET form 
factors of the B c — > D° L transition were evaluated in Eq. (l34]h Figs. d2l [T3l depict the 
jHQ( 2420 ) anf | jHQ( 2430 ) respect to the q 2 for B c —> D®(24:20)lv and B c —> D®(2430)lv, 
respectively. It is noted, at y = 1 in Eq. (1241) called the zero recoil limit (corresponding to 
q 2 = {jtib c — m D o ) 2 ), the HQET limit of the form factors are not hnite. For other values 
of y and corresponding q 2 , the behavior of the y.( 2420 > 2430 ) f orm factors shown in Fig. [4] and 
their HQET form factors f^QCi-no) an j jHQm.it], pjg g _ |X2l [T3] are the same, i.e., when q 2 
increases (y decreases) both the form factors and their HQET values increases. 

The values of the HQET form factors at q 2 = 0 are presented in Table I VI II 

TABLE VII: The value of the form factors of the B c —> Di( 2420) and B c —> 2430) transitions 


via HQET at q 2 = 0. 

Form Factor 

Value 

Form Factor 

Value 

jHQ{ 2420) ^ 

-0.70 ±0.15 

jHQ{ 2430)^ 

-0.66 ±0.14 

^ffQ(2420)^ 

0.16 ±0.05 

jHQ( 2430) ( 0 ) 

0.16 ±0.04 

jHQ(2420) ^ 

0.38 ±0.10 

jHQ{ 2430)^ 

0.36 ±0.10 

jHQ( 2420) ^ 

-0.10 ±0.03 

jHQ{ 2430)^ 

-0.10 ±0.03 


Also using Eq. (1361) and HEQT form factors, we evaluated the branching ratios of the 
B c —> (2420[2430 ])lv decays as given in Table lyTTTl The Fig. [L4] depict the dependence 
of the decay widths of these decays on the q 2 in HQET approach. 


TABLE VIII: The branching ratio values of the semileptonic B c —>• D] ) (2420)Zi' and B c —>• 
Di (2430)/^ decays via HQET. 


MOD 

B c -> D] ) (2420)Zz/ 

B c -> £>5>(2430)ii/ 

BR 

(1.56 ±0.41) x 10 -4 

(1.05 ±0.33) x IQ" 4 
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Conclusion 


In summary, We analyzed the semileptonic B c — > D\ (2420[2430] )lu decays in the frame¬ 
work of the three-point QCD sum rules and HQET approach. First, we assumed the 
.D ( j ) (2420) and D\ j 1 (2430) axial vector mesons as the pure | cu) state. In this case, the related 
form factors were computed. The branching ratios of these decays were also estimated. Sec¬ 
ond, D® (2420[2430]) mesons were considered as a combination of two states | 3 Pi) = |Pil) 
and ^Pi) = |Pi2) with different masses and decay constants. We evaluated the transition 
form factors and the decay widths of these decays with respect to mixing angle 9 and the 
transferred momentum square q 2 . The dependence of the branching ratios on 6 was also 
presented. Finally, we obtained all of the mentioned physical quantity in HQET approach. 
Any future experimental measurement on these form factors as well as decay rates and 
branching fractions and their comparison with the obtained results in the present work can 
give considerable information about the structure of these mesons and unknown mixing 
angle 6. 
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Appendix—A 


In this appendix, the explicit expressions of the coefficients of the gluon condensate entering 
the sum rules of the form factors fi(q 2 ), (i = V, 0,1, 2) are given. 


Cv = -10 A (3, 2, 2 )m b 3 m c 2 + 10 A (3, 2, 2 )m b 2 m c 3 + 10 J 2 (3, 2, 2)m 6 2 m c 3 + 10 /„(3, 2, 2 )m b 2 m c 3 
+60 J 2 ( 1,4,1 )m 2 m c — 20 J 2 (3, 2,1 )m 2 m c + 10 / 2 0,1 '(3, 2, 2 )m 2 m c — 20 J 0 (3, 2,1 )m 2 m c 
+10 Ji(3, 2, l)mb r m c 2 + 40 / 2 (2, 3,1 )m b m c 2 — 10 A(3, 2,1 )m b m 2 + 20 A (2, 3,1 )m b m 2 
-10 J 0 (3, 2, 2)m c 5 + 20 A(3, 2, l)m 6 3 + 10 A(2, 2, 2)m 6 3 - 20 A (2, 3, l)m b 3 
+10 J 0 (3, 2, l)m c 3 - 10 J 2 (3,1, 2)m c 3 - 20 J„(2, 2, 2)m c 3 - 20 J 2 (2, 2, 2)m c 3 
-10 J 0 (3,1, 2)m c 3 + 20 /o°’ 1] (3, 2, 2)m c 3 - 50 A(2, 2,1 )m b + 20 /j 0,11 ( 2 , 3,1 )m b 
-20 /{ 0 , 11 (3,1, 2 ) 777.5 - 20 J 0 (2, 2, 1)7775 + 30 A(2,1, 2)7775 + 100 / 2 (1, 3, 1)7775 
+30 J 0 (2, 2, 1)t77 c + 30 A°’ 1] (3,1, 2)tt7 c + 20 A°’ 1] (3, 2, 1)tt7 c + 10 A 0,11 (3, 2, l)m c 
+20 A(2, 2, 1 )tt7 c - 30 A(2,1, 2)tt7 c + 10 / 0 (3,1, 1)tt7 c + 20 Ai°’ 1] (2, 2, 2 )tt7 c 
+ 20 /f 1] (2, 2, 2 )tt7 c - 10 A(3,1, 1)tt7 c - 20 A(2,1, 2)tt7 c - 30 J 0 (2,1, 2)tt 7 c . 

C 0 4 = -20 J 6 (3, 2, 2) 777 c 5 - 40 J 6 (3, 2, 1 )tt 7 c 3 - 20 / 6 (3,1, 2 )tt 7 c 3 + 40 3, 2, 2 )tt 7 c 3 

+20 J 6 (2, 2, 2)tt75 3 + 5 / 0 (2, 2, 1)tt75 3 - 120 / 6 (1,4, 1)tt75 3 + 40 / 6 (2 , 3, l^ 3 
+10 Jo°’ 1] (2, 2, 2 )tt 75 3 - 5 J 0 (l, 2, 2 )tt75 3 - 20 /| 0 ’ 1] (3, 2, 2)tt 75 3 + 20 J,f’ 1] (3,1, 2 )tt7 c 
+5 A 0 ’ 11 (3, 1,1 ) m c + 5 A(l, 1, 2)tt7 c + 20 A(2, 1 , 2)m c + 40 A(3, 1 , l)m c 
-10 A°’ 1] (l, 3,1)7775 - 15 A(l, 2,1)7775 - 40 A(2, 2,1)7775 + 15 A°’ 1] (2, 2,1)7775 
-20 A 0 ’ 11 (2, 2, 2)7775 + 20 A 0 ’ 21 (3, 2, 2)7775 - 40 A°’ 1] (3,1, 2)7775 - 15 / 0 (1,1, 2)7775 
+10 A 0,1] (3,1,1)7775 - 15 A°’ 21 (3, 2,1)7775 - 20 A(l, 2, 2)7775 - 40 A°’ 1] (2, 3,1)7775 

— 10 A(2, 3, 1)t 77 c 4 7775 + 15 A 0 ' 11 (3, 2, 2)t 77 c 4 7775 + 20 A(3, 2, 2)t 77 c 4 7775 — 15 Iq(2, 2, 2)t 77 c 4 7775 
+5 A(3, 2, 2)t77 c 5 7775 2 — 30 A(l, 4, 1)t77 c '7775 4 — 5 A°’^(3, 2, 2)t77 c '7775 4 + 10 A(3, 2, 1)t 77 c '777 5 4 

— 10 A 0 ' 11 (3, 2, 2)777 c 3 m5 2 + 5 A(3, 2, 1 )t77 c 3 7775 2 + 15 / 0 (4,1, 1)t77 c 3 7775 2 + 20 A(2, 2, 2)m c 2 m b 

+ 10 A(l, 3, 1)777 c 2 7776 + 20 A 0 ’ 11 (3, 2, 1)777 c 2 7775 - 20 / 0 (1, 2, 2)r77 c 2 777fe - 15 / 0 (2,1, 2)m 2 m b 


19 



—10/ 0 (3,1,1 )m c 2 m b + 20/ 6 (3,1,2 )m 2 m b + 15/ 0 (2,2,1 )m 2 m b + 20/g 0,1 '(2, 3, l)m c 2 m& 

+15 / 0 (2,1, 2)m c m b 2 + 5 J 0 (3,1, l)m c m 6 2 - 20 4°’ 1] (3,1, 2 )m c m b 2 - 20 J 6 (2, 2, 2)m c m b 2 
—10 / 0 (2, 2,1 )m c m b 2 + 5 A°’ 2] (3, 2, 2)m c m b 2 . 

C\ = -40 /f 1] (2, 3,1) mft + 20 /f 2] (3, 2, 2)m 6 - 40 J 3 (2, 2, l)m b - 20 A( 1, 2, 2)m 6 
-20 /|°’ 1] (2, 2, 2)777ft - 20 J 3 (l, 2, 2)777 6 - 20 J 4 (l, 2, 2)m b - 10 /J°’ 1] (2, 3, l)777ft 
-15 A (3, 2, 2 )tt7 c 5 - 45 /i(3, 2,1 )m c 3 - 20 J 4 (3,1, 2)m c 3 - 20 J 2 (3, 2, 1)tb c 3 
-45 /, (4,1,1)77i c 3 - 20 J 4 (3, 2, 2)m c 5 - 5 J 0 (3,1, 2)m c 3 - 40 J 3 (2, 2, 2)m c 3 
-15 J 0 (4,1,1)77i c 3 - 5 A(3,1 , 2)tt7 c 3 - 10 J 0 (2, 2, 2)m c 3 - 20 A (3,1, 2>m c 3 
—20 J 3 ( 3, 2, 2)m 2 m b ‘ + 20 / 4 (2, 2, 2)m 2 m b — 20 / 0 (2, 3, l)m 2 m b + 40 J 4 ( 3, 2, l)m 2 m b 
+20 / 3 (3,1, 2)m 2 m b + 20 / 3 (2, 2, 2)m 2 m b + 5 /i(3, 2, 2)rn c A rri b + 20 / 3 (3, 2, 2)m c 4 m b 
+15 /i(3, 2, 2)m c 3 m b 2 + 20 / 3 (3, 2, 2)m c 3 m b 2 — 20 / 4 (3, 2, 2)m 2 m b 3 — 5 /i(3, 2, 2)m 2 m b ‘ 
-50 /i(2, 3, l)777 c 2 777ft - 10 /1°’ 1] (3, 2, 2)m 2 m b + 35 A(3, 2, l)7n c 2 mft + 20 J 4 (3,1, 2)7n c 2 777ft 
+40 J 3 (2, 3,1)777ft 3 + 20 J 3 (2, 2, 2)777ft 3 - 5 /} 0 ’ 1] (3, 2, 2>mft 3 + 40 J 4 (2, 3, l)mft 3 
+20 J 4 (3, 2,1)777ft 3 + 10 A(2, 3,1)777ft 3 - 30 A(l, 4, l)777ft 3 - 40 / 4 (2, 2, 2)m c 3 
—20 A(2, 2, 2)rn c m b 2 — 30 A(3, 2, l)m c m b 2 + 90 A(l, 4, l)m c m b 2 + 120 / 3 (1> 4, l)m 3 m b 2 
+40 A(3,1 , 1)tt7 c - 5 J 0 (2, 2, l)?77 c + 10 A 0,11 (2, 2, 2 )m c + 20 A(2,1 , 2)tt7 c + 40 /f 1] (3, 2 , 1)tt7 c 
+ 40 Jj°’ 1] (2, 2, 2)m c + 5 A(3,1 , 1)tt7 c + 20 A(2, 2, 2)m fe 3 + 30 J 0 (l, 4, l)777 c 77ift 2 
+30 A(l, 4, l)?77 c ?77ft 2 - 20 A(3, 2, l)?77 c 777ft 2 + 15 A°’ 1] (3, 2, 2)m c m b 2 - 10 A(2, 2, 2)7n c mft 2 
-5 A°’ 2] (3, 2, 2 )m c + 5 A(2, 2,1 )m c + 40 2, 1 )tt7 c + 10 A°’ 1 ] (3, 2,1 )m c 

-5 A 0,21 (3, 2, 2 )m c + 40 A°’ 1] (2, 2, 2 )m c + 20 / 3 (2,1 , 2)tt7 c - 15 / 0 (2,1, 2>m c 
+20 if 2] (3, 2, 2)777ft - 40 A(l, 3, l)mft - 40 /f 1] (3,1, 2)mft + 10 A(l, 3, l>mft 
+10 A(l, 3,1)777ft - 20 A 0 ’ 11 (3, 2,1)?77ft - 20 A 0 ’ 21 (3, 2, 2 )m c - 10 / 0 (3,1, l)m c . 

C\ = 15 A(4,1, l)m 2 m b — 40 A°’^(3, 2, 2)m c 2, m b — 40 A(3, 2, l)m 2 m b — 10 A(2, 3, l)m c 2 rn b 
+40 A° J1 (3, 2, 2)m 2 m b — 60 A(4,1, l)m 2 m b + 40 A(2, 3, l)m 2 m b + 20 / 3 ( 2, 2, 2)m 2 m b 
-20 A(3,1, 2)m 2 m b + 10 j| 0,1] (3, 2, 2>m c 3 + 60 / 4 (4,1 , l>m c 3 - 20 / 3 (3,1, 2)m c 3 
-15 A(4,1 , 1)tt7 c 3 - 5 A(3, 2 , 1)tt7 c 3 + 10 A°’ 1] (3, 2, 2)m c 3 + 5 /„(3,1, 2)m c 3 
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where 


-5 4( 3, 1 , 2 )m 3 + 15 4 ( 4, 1 , l)m c 3 - 20 4(3, 2, l)m c 3 + 20 /f 1] ( 3, 2, 2)m fe 3 

—20 if’^(3, 2, 2)m c m b 2 + 5 4(3,1,2 )m c m b 2 — 20 4(3, 2 , l)m c m b 2 + 20 4(2, 2, 2)m c m b 2 

— 10 4 ( 2 , 2 , 2 )m c mt > 2 — 30 / 0 (1,4 ,1 )m c m b 2 + 120 / 3 ( 1 ,4 ,1 )m c m b 2 + 5 /|°'^(3, 2 , 2 )m c mt > 2 

+20 4(3, 2,1 )m c m b 2 — 10 4( 3, 2,1 )m c rrib 2 + 30 4(1, 4 ,1 )m c m b 2 + 20 4(2, 2 , 2)m b 3 

-20 4(3, 2 , l)m fe 3 + 10 / 2 ( 2 , 3, l)m 6 3 + 10 J 2 (3, 2 , l)m 6 3 - 120 J 3 (l, 4, l)m 6 3 

+5 / 0 (2, 2, l)m c + 15 /{ 0 ’ 1 ] (3,1, 2 )m c - 5 3, 2, 2)m c - 15 4°’ 1 ] (3, 2, l)m c 

+40 J 3 (3,1, l)m c + 5 Ji(3,1, l)m c - 20 4°’ 1 ] (3,1, 2 )m c + 10 f 0 (3,1,1 )m c 

+10 /J°’ 1] (2, 2, 2 )m c + 20 4°’ 1 ] (3, 1, 2 )m c - 20 J 4 ( 2,1, 2 )m c + 20 / 3 (2,1, 2 )m c 

+5 J 2 (2, 2, l)m c + 10 j|°’ 1 ] (2, 2, 2 )m c - 15 J 4 (2,1, 2)m c - 15 /i°’ 1 ] (3,1, 2 )m c 

-40 4°’ 1 ] (3,1, 2 )m b + 40 /f 1 ] (3,1, 2 )m b - 20 J 2 (2,1, 2)m 6 + 20 /f 1 ] (3, 2, l)m 6 

+5 4°’ 2 ] (3, 2, 2 )m b + 10 J 0 (2, 2,1 )m b - 20 / 3 (2,1, 2 )m b - 10 4(2, 2,1 )m b 

-20 / 2 (1, 2, 2 )m b + 20 / 4 (2,1, 2 )m h - 40 / 3 (3,1,1 )m h - 10 / 2 (1, 3,1 )m b 

+20 4°’ 2 ] (3, 2, 2 )m b - 40 J 3 (2, 2,1 )m b + 20 /f 1 ] (2, 2, 2 )m b + 40 /f 1 ] (2, 3,1 )m b 

+10 / 2 (3,1, 2 )m 2 m b + 20 J 4 (3, 2, 2)m c 5 + 5 J 0 ( 3, 2, 2)m c 5 - 5 / 2 ( 3, 2, 2)m c 5 

+40 / 4 (3, 2, l)m c 3 + 40 4°’ 1] (3, 2, 2)m c 3 + 20 4(3,1, 2)m c 3 + 5 4(3, 2 , 2 )m c 4 m b 

+20 4(3, 2 , 2 )m 3 m b 2 — 20 4(3, 2 , 2 )m c 3 m b 2 + 5 4(3, 2 , 2 )m 3 m b 2 — 5 4(3, 2 , 2 )m 2 m b 3 . 




d l d j 
d (M 4 )* d (Mfj 7 


(M 1 2 ) < (M|) i / n (a,6,c) 
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Appendix—B 


In this appendix, the explicit expressions of the coefficients of the gluon condensate 
entering the HQET limit of the form factors fy®, fo®, and are given. 


n HQET 

u v 


[ 0 , 1 ] 


'(3,2,1) , A /f 2| (3,2,2) AA /„(2,2,1) U 1,2,2) 

p7 1U P7 ^ ZU p7 ZU p/ 

V Z v Z v Z v z 

j i°’ 11 (2,2,2) 20 7 i(2, 1,2) 

yfZ yfZ 


J[0,1] 

+= - - 20 — W - + 30 n 

fZ yfZ 

, 2 ] 


(2,1,2) , 7S 0,11 (3,1,2) , A 7 2 (2,1,2) 

~7v h Tf 7^ 

V Z V Z v z 

)] — —Tn ol -“•3 

(3, 2,1) on / 0 (2,l,2) 

yfz Jz 

\ 1 _-1 1 


yfz 

;2,1,2) /{°’ 2] (3, 2, 2) 4°’ 2] (3,2,2) 

yfZ yfZ yfZ 

(2,2,2) | 2Q /i 0,11 (3,1,2) 2Q /|°’ 1] (2, 2, 2) ^ 4°’ 1] (3, 2,1) 

fZ yfZ yfZ yfZ 

Z yfZ yfZ yfZ 

1 , 1 ) on^^ 2 - 2 ) , Q n^ 0 , 11 ( 3 ’l,‘ 


+20 Jx(l, 2, 2) + 20 4°’ 1] (2, 3,1) - 20 4°’ 1] (2, 2, 2) + 100 4(1, 3,1) 
-50 If 2, 2,1) - 20 4(2, 2,1) - 20 7 0 (2, 2,1) - 20 4°’ 1] (3,1, 2) 
+30 4(2,1,2) +40 4°’ 1] (2,3,1). 


qHQET 


4 ’ 1 3,1,2 4 1 (1,4,1) 4 2,1,2 

20 -2— v ; + 120 -2— v ; + 15 ov ; 

yfz yfz yfz 

JV\ 2,2,2) , +(3,1,1) , e 7f 2| (3,2,2) 

7t h +7 h0 Tv 
v z v z v z 
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FIG. 14: The decay widths of the B c —> D® (2420[2430]) decays in HQET approach with respect 
to q 2 . 
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